Inflation models are numerous. It is extremely difficult, if possible at all, to identify the actual underlying inflation model of our primordial universe. Thus, for the purpose of proving/falsifying inflation and using inflation to probe new physics, model independent approaches are crucial. Massive fields play a uniquely important role in those missions. This short review is based on a talk by one of the authors (YW) in the 2nd LeCosPA Symposium.
Introduction. Inflation is the leading paradigm of the very early universe cosmology. During inflation the universe expands almost exponentially as a ∼ e Ht , where H is Hubble parameter and is slowly varying. Such a simple scenario explains horizon and flatness puzzles in the hot big bang cosmology and predicts primordial density fluctuations which turn out to be the seeds of the cosmic microwave background (CMB) anisotropies and the large scale structure (LSS).
What would be a logical route to systematically investigate the inflationary physics? A naïve approach would be copying what collider particle physicists have done.
In particle physics, building on the general principles of quantum field theory, the particle physics standard model is established in the 1960s. In the 50 years that follows, the standard model is tested to agree with experiments extremely well. The standard model now provides a reference model for the search of new physics, which is referred to as beyond standard model physics.
If the similar thing would about to happen for inflation, one would first build inflation models, and afterwards test those models and pick the right one from experiments. Once the standard model of inflation is established, one can then use the model as a standard reference to probe new physics during inflation.
Unfortunately, such an approach for inflation fails badly, simply because there are too many inflation models, way too many compared to the number of observables that one typically expects to observe.
For example, in Encyclopaedia Inflationaris 1 , 74 models (potentials) of single field slow roll inflation are summarized. Even before addressing the completeness of this list, one can easily come up with inflation models with a summation of some those potential terms resulting in a combinatorial number of new models. On top of that, one can add scale dependent sharp features 2-5 , non-Bunch-Davies initial conditions [6] [7] [8] [9] , generalized kinetic terms such as Galileons 10 , and so on and so forth. This is more or less the story for single scalar field inflation. One can in addition consider quasi-single field [11] [12] [13] , multi-field, and generalize to higher spin fields 14 . As a result, the possibilities of inflation models is practically infinite. (Beyond those practically infinite possibilities of inflation, there are also all kinds of alternative to inflation scenarios, which we shall address later.) Although lots of experiments are on going or being planned, we are still very unlikely to pin down a standard model for inflation. So the attempt to copy the theoretical development of particle physics very likely leads to an unfortunate end here.
Why such a "logical" route fails? This is related to the simple a ∼ e Ht nature of inflation. Ugly, bad and good consequences arise from here. As the ugly consequence, this is why there are so many inflationary models. Any potential satisfying slow roll conditions can inflate. Although WMAP and Planck marks the era of ruling out simple models such as λφ 4 , the possibility is still widely open for many models mentioned above. As the bad consequence, those models predict very similar observational signatures, which only differ by 1% (the order of slow roll parameters) or smaller. This adds to the extreme difficulty in distinguishing inflationary models observationally.
Fortunately, there also exists a good consequence: As long as one postulates a ∼ e Ht , model independent results can be obtained and one can use such model independent results to test inflation in a model independent way, and probe new high energy physics model independently based on the scenario of inflation, instead of a particular inflation model.
A nice example -and the only example for a long time in the literature -is gravitational waves 15 . Gravitational waves is the universal prediction of inflation. Once observed, it is a non-trivial test of inflation, and indicates new physics -the quantum fluctuation of the metric degree of freedom.
Recently, another example of such is realized -the massive fields during inflation [11] [12] [13] [16] [17] [18] [19] [20] . The massive fields predict unique signature in observations. Once observed, the expansion history of the inflationary universe can be reconstructed and thus it is a direct probe of inflation. Moreover, the detection of new massive particles during inflation is an invaluable hint for the development of high energy physics.
Massive fields during inflation. The inflaton field is not the only field existing during inflation. There exists plenty of massive fields during inflation. Those massive fields can come from:
• IR uplifting. There are many fields in the particle physics standard model. The flat space mass spectrum of those fields are negligibly small in the context of a typical inflation model. However, on an inflationary background, those fields get masses due to the Gibbons-Hawking temperature M ∼ gT ∼ gH/(2π), where g is a coupling constant (or its square root) depending on the details of the particle.
• UV completion. A quantum field theory with UV divergence needs UV completion. Inflation especially requires UV completion because even a dimension 6 operator V (φ)φ 2 /M 2 p contributes part of the inflaton mass δm ∼ H and thus spoils the slow roll potential. In the viewpoint of effective field theory, new massive modes arise at the UV completion scale. For example, in string theory, there are various massive modes coming from moduli spaces, compactifications, stringy excitations, and so on. Those massive modes are typically below or at the string scale.
• Supersymmetry breaking. It is often believed that the inflationary energy scale is high and there is supersymmetry at such high energy scales. However, supersymmetry must be broken during inflation because of the quasi-de Sitter geometry. Thus the light fields whose mass is protected by supersymmetry obtain a correction of order Hubble 13,21 .
In the long wavelength limit, a massive field oscillates as (−τ ) ±iµ , where τ is the conformal time, and µ ≡ M 2 /H 2 − α 2 , where α depends on spin. For spin 0, 1/2 and 1, α takes value 3/2, 0 and 1/2 respectively. When M/H < α (which applies only for scalars and vectors), the massive field behaves as an over-damped oscillator and shall not oscillate in the IR. However, when M/H > α, the Hubble friction cannot stop the field from oscillating. And fermions oscillate in the IR regardless of their mass. We focus on the M/H > α case in the following, and the results of the M/H < α case can be obtained by an analytical continuation.
The contributions from the massive fields, imprinting onto the primordial density fluctuations, can be classified into two types, namely local and non-local ones 17 . The non-local contribution originates from thermal particle production and cannot be be integrated out or mimicked by a single inflaton effective theory. The comparison between the local and non-local contribution is shown in Detecting new massive particles in the cosmological collider [11] [12] [13] 17 . The key mission for collider particle physics is searching for new particles. The major technique of new particle detection is through its resonance peaks. Things are similar here for the primordial universe. An under-damped massive field oscillates as σ ∼ exp(iM t). Thus the three point function between this field and two curvature scalar fields con-WSPC Proceedings -9.61in x 6.69in QPSC page 4
where f (τ ) is a slowly varying function of time. As τ * (or t * ) satisfying k/a(τ * ) = M/2, a resonance is triggered and the density fluctuation is amplified 5 ; and we have used the saddle point approximation in the second step. The effect of the σ field converts to density fluctuations either through gravitational or direct coupling. At the time of resonance, the phase of the massive field quantum oscillation is recorded in the above integral. This oscillatory behavior in k is the characteristic signal from massive fields. In single field effective field theory, we expect the correlation functions to be analytic in k thus such terms cannot appear. Note that the cases of M/H < α and M/H > α are related by an analytic continuation.
Towards proving/falsifying the inflation scenario [18] [19] [20] . It is interesting to view the ζ 2 k σ correlation in a broader sense. While inflation is the leading paradigm of the primordial universe, there are possible alternatives. The massive fields can be considered as a clock, whose ticks and tocks are uniform in physical time and labelling the different modes in density perturbations with its phases. Depending on whether this oscillation of massive fields is classical or quantum-mechanical, we have the classical or quantum standard clocks, respectively. Solving the resonance condition a(t * ) = 2k/M for t * or τ * , one can see that the phase of the correlation function (1) as a function of k is proportional to the inverse function of a(t * ) or a(τ * ), so the evolution of the scale factor of the primordial universe is directly recorded in the astrophysical observables.
Summary and discussions. We would like to conclude this proceeding paper by comparing the physical implication of inflationary massive fields with inflationary gravitational waves, because unlike the other observables both of them can be used to distinguish the inflation from alternative scenarios model-independently. We refer them as "standard clock signals" versus "gravitational waves":
• Both exist in Nature model-independently. For standard clock signals, we refer to the quantum standard clock signal 20 in this statement.
• Both predict characteristic observational features.
-The gravitational waves are imprinted on the CMB as the B-mode polarization, which is hard to mimic by other primordial physics (though not impossible, for example, primordial non-decaying vector fluctuations). -The standard clock signals are imprinted in all kinds of density fluctuations as special types of oscillatory features. Classical standard clocks predict unique scale-dependent oscillatory signals in power spectrum and correlatedly in non-Gaussianites. Quantum standard clocks predict shape-dependent oscillatory signals in non-Gaussianities, which are protected by the analyticity of quantum field theory.
• Both test the inflation scenario in a model independent way, with some caveats.
-The conventional wisdom is that, the amplitude H 2 /M 2 p (and its tilt) of the gravitational wave directly probes the Hubble scale (and its time dependence), and by observing a scale-invariant gravitational waves one proves inflation. However, there are a few caveats. First, conservation of the amplitude of the gravitational wave outside the horizon is assumed. However, this is not true in contracting universes, where the growing mode dominates over the constant mode. As a result, matter contraction, 22,23 cannot be distinguished from inflation by the amplitude and tilt of the gravitational waves. Moreover, non-trivial time evolution (even parametric resonance) of the super-horizon gravitational waves can also arise in massive gravity 24 . Second, vacuum initial condition is assumed, and by relaxing it the string gas cosmology 25 may produce the same amplitude (and see 26, 27 for a discussion of tilt). Moreover, non-Bunch Davies initial conditions or sources from the matter sector (for example, particle production 28 or enhanced non-linear perturbations 29 ) can also change the amplitude and tilt of the gravitational waves. So among the variety of alternative-to-inflation scenarios in the literature, the gravitational wave mainly distinguishes inflation from the ekpyrosis scenario 30 . Even between inflation and ekpyrosis, it is worth noting that the gravitational wave is a one-sided test -seeing gravitational waves supports inflation and rules out ekpyrosis but not seeing gravitational waves shall not support ekpyrosis or rule out inflation.
-The standard clock signal is model independent. The oscillation frequency does not depend on initial condition or super-horizon evolution of the field (though the amplitude depends on those details and is model dependent). It is shown that the clock signal distinguishes the inflation, ekpyrosis, string gas and matter bounce scenarios by predicting a unique signal pattern for each scenario. The frequency of the massive field oscillation can be affected by time dependent parameters in the Lagrangian. A fine tuned m(t) may let the clock signal record a deformed evolution history of the primordial universe. These are interesting topics for future investigations.
• Both indicate significant new physics if detected.
-Gravitational waves indicate the quantized fluctuations of gravity. Although in theory its existence is expected, an actual discovery would pin down the energy scale of inflation, which is new physics. -Standard clock signals is a probe of massive fields. Similarly, although in theory their existence is expected, an actual discovery would tell us the detailed information about the particle spectrum and coupling, along with, perhaps even more importantly, the recorded evolutionary history of the primordial universe.
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-The amplitude of gravitational waves is of order H 2 /M 2 p . The Planck suppression make it hard to detect, especially for low scale inflation models 31, 32 . Even worse, the gravitational waves behaves as radiation and decays after returning to the horizon. Thus we have to rely on observations on large scales, and the number of modes is limited. Also, there can be contamination from astrophysical sources such as polarized emissions from dust.
-The quantum standard clock signals can be suppressed by two factors, the mass and the coupling. When the mass of the field is large, the suppression factor is exp(−πM/H). 17 Thus probing very massive fields is exponentially hard. Although it's natural to expect fields with M ∼ H, we do not know it for sure. Coupling-wise, direct couplings generically predict much larger signals than gravitational coupling, giving rise to f N L ∼ ǫ or much larger.
12,13
These signals may be observable in future experiments. The classical standard clock signals are easier to observe but its existence is model-dependent. Observation-wise, the squeezed limit non-Gaussianity gives the sharpest clock signals, but can only make use of a small subset of available modes. On the other hand, oscillatory signals may be more difficult to analyze but less susceptible to contaminations from astrophysical sources.
As well-known, the primordial gravitational waves is a very important probe of the scenario type of the primordial universe. On the other hand, recent researches have uncovered another set of phenomena induced by massive fields, which could be used to achieve the same and complimentary science goals. The study is in its early stage and there are many works need to be done.
